The Microwave Limb Sounder (MLS) experiments obtain measurements of atmospheric composition, temperature and pressure by observations of millimeter and submillimeter-wavelength thermal emission as the instrument field-of-view is scanned through the atmospheric limb. Features of the measurement technique include the ability to provide global coverage on a daily basis at all times of day and night from an orbiting platform, to obtain reliable measurements even in the presence of dense cirrus and aerosol, and to measure many atmospheric gases as well as temperature and pressure. The composition measurements are relatively insensitive to uncertainties in atmospheric temperature. An accurate spectroscopic data base is available, and the instrument calibration is also very accurate and stable. The first MLS experiment in space, launched on the NASA Upper Atmosphere Research Satellite (UARS) in September 1991, was designed primarily to measure stratospheric profiles of CIO, 0 3 , H 2 0 and atmospheric pressure as a vertical reference. Global measurement of C1O, the dominant radical in chlorine destruction of ozone, was an especially important objective of UARS MI,S. All objectives of UARS MI.S have been accomplished, and additional geophysical products beyond those for which the experiment was designed have been obtained. A follow-on MLS experiment is being developed for NASA's Earth Observing System (EOS), and scheduled to be launched on the EOS CHEM platform in 2002. EOS MLS is designed for many stratospheric measurements, including HO X radicals which could not be measured by UARS because adequate technology was not available, and better and more extensive upper tropospheric and lower stratospheric measurements.
Introduction
Microwave limb sounding obtains remote measurements of atmospheric parameters by observations of millimeter and submillimeter-wavelength thermal emission as the instrument field-of-view (FOV) is scanned through the atmospheric limb from above. Development of the NILS experiments began at the Jet Propulsion ' Laboratory in the mid-1970 's and included instruments deployed on aircraft (Waters et al. 1979 (Waters et al. , 1980 and balloon (Waters et al. 1981 (Waters et al. , 1984 (Waters et al. , 1988 Stachnik et al. 1992) prior to application of the technique from space. The measurement technique is described by Waters (1989; 1992a,b; . Its features include: (1) the ability to measure many atmospheric gases, with emission from molecular oxygen providing temperature and pressure; (2) measurements that can be made reliably, even in the presence of heavy aerosol, dense cirrus or polar stratospheric clouds which can degrade ultraviolet, visible and infrared techniques; (3) the ability to make measurements at all times of day and night and provide global coverage on a daily basis; (4) the ability to spectral] y-resolve emission lines at all altitudes, which allows measurements of very weak lines in the presence of nearby strong ones; (5) composition measurements that are very insensitive to uncertainties in atmospheric temperature; (6) a very accurate spectroscopic data base; and (7) instrumentation that has very accurate and stable calibration, adequate sensitivity without necessarily requiring cooling, can be modularly designed for accommodating changing measurement priorities and provides good vertical resolution set by size of the antenna. New miniature integrated circuit technology for microwave radiometers ( Weinreb 1997) , now being studied for use in a future experiment, can provide good horizontal resolution (including complete coverage between orbits) by allowing an array of radiometers with multiple FOVS simultaneously scanning the limb at different azimuth angles ).
Spectral line frequencies and strengths used for interpreting the MLS atmospheric measurements are obtained from the JPL Submdlimeter, Millimeter, and Microwave Spectral Line Catalog (Pickett et al. 1992 ). Accuracy of line frequencies is typically seven digits or more, and of line strengths is typically 4 digits. The catalog data base is searched to ensure that all gases which might contribute significant amounts to the MLS signals are included in the data processing. I.ine-broadening parameters are obtained from laboratory measurements, e.g., Pickett et al. (1981) and Oh and Cohen (1992, 1994) , with uncertainties of-30A.
The UARS Microwave Limb Sounder

a. Some general information on UARS MLS
The MLS launched 12 September 199 I on the Upper Atmosphere Research Satellite (e.g., Reber 1993; Reber et al. 1993; ) is the first application of the microwave limb sounding technique from space. A somewhat similar experiment, the Millimeter-wave Atmospheric Sounder (MAS) has been flown on three Space Shuttle missions (Hartrnann et al. 1996) . The [JARS MLS development was led by the California Institute of Technology Jet Propulsion Laboratory, with collaboration from Rutherford Appleton Laboratory, Heriot-Watt University, and Edinburgh University in the United Kingdom. The instrument (Barath et al. 1993) contains ambient-temperature heterodyne radiometers that operate near 63 GkIz (designed to measure stratospheric pressure, but also provides stratospheric temperature); 205 GHz (designed to measure stratospheric CIO, 0 3 and H 2 0 2 ); and 183 GHz (designed to measure stratospheric and mesospheric H 2 0 and 03). Figure 1 shows a signal flow block diagram. Calibration of UARS MLS, described by Jarnot et al, (1996) , is accurate to -3% (3u) overall in the most critical spectral bands. Lau et al. (1996) analyze the lowfrequency l/fnoise of the instrument. Figure 2 shows an example of spectra measured by MLS, and illustrates its ability to spectrally-resolve individual emission lines. Having several spectral channels covering a single emission line, and resolving this line at all altitudes of interest, provides robust measurements since geophysical quantities can usually be obtained from the channel-to-channel spectral Iy-varying component of the measured thermal emission.
Extraneous effects, such as stray radiation, generally have spectrally-flat emission over the spectral range used for measurements, and their uncertainties do not usually have first-order effects on the retrievals of geophysical parameters. Validation of the MLS primary data products, and their accuracies and precision, are described in the Journal of Geophysical Research special issue (volume 101, number D6, 30 April 1996) on UARS data evaluation: temperature/pressure by Fishbein et al. (1996) ; 0 3 by Froidevaux et al. (1996 ), Cunnold et al. (1996a , and Ricaud et al. (1996) ; HZO by Lahoz et al. (1996a) ; CIO by Waters et al. (1996) . Figure 4 shows the agreement obtained between MLS and some other well-calibrated measurements of the stratospheric 0 3 profi le.
Additional results relevant to validation of these MLS measurements are included inAelligetal. ( ), Crewell et al. (1995 , Redaelli et al. (1994) , Singh et al. (1996) and Wild et al. (1995) . Although MLS was designed to include measurement of H 2 0 2 , this measurement was predicated on stratospheric H 2 0 2 being a major odd-hydrogen reservoir in the middle stratosphere with predicted abundances of-1 O parts per billion by volume (ppbv). Refinements to parameters used for the theoretical predictions, and measurements (e.g., Chance et al. 1991) , now indicate only -0.1 ppbv H 2 0 2 in the stratosphere; preliminary detection of a signal, corresponding to -O. I ppbv H 2 0 2 has been obtained in averages of the MLS radiances (unpublished results).
Additional data products obtained from UARS MLS, beyond that for which the instrument was primarily designed, include S0 2 injected into the stratosphere by the Pinatubo volcano , upper 3 tropospheric H 2 0 , lower stratospheric tlNOj (Santee et al. 1995 (Santee et al. , 1996a (Santee et al. , 1997 , temperature variances associated with atmospheric gravity waves in the stratosphere and mesosphere (Wu and Waters 1996a,b; , and ice content of cirrus (D.L. Wu, manuscript in preparation). Fourier-transform techniques applied to mapping MLS data are described by Elson and Froidevaux (1993) . Figure 5 shows the vertical range of measurements obtained to date from the UARS MLS experiment.
UARS was designed for an 18-month duration mission, but at the time of writing, MLS (along with most other UARS instruments) continues to operate after nearly 6 years in orbit with no degradation in its 63 and 205 GHz measurements except for time-sharing of these measurements with those of other UARS instruments due to decreases in power available from the spacecraft. The M1.S 183 GHz measurements ceased in April 1993 after 18 months of excellent data had been obtained. Updated information can be obtained from the MLS web site home page (http: //mls.jpl.nasa.gov).
b. UARS MLS results related to ozone loss in polar regions
Early results from UARS MI.S included the first maps of stratospheric C1O, the predominant form of chemically-reactive chlorine involved in the destruction of stratospheric 0 3 , throughout the winter vortices of both the Antarctic and Arctic. Initial results (Waters et al. 1993a,b; see also Chipperfield 1993) showed the lower stratospheric Antarctic vortex to be filled with C1O in the region where 0 3 was depleted, confirming earlier conclusions from ground-based and aircraft instruments that chlorine chemistry is the cause of the Antarctic ozone hole. They showed (Figure 6 Results from 3D models Cieller et al. 1993; Lefevre et al. 1994) , produced shortly after the MLS results were obtained, showed the observed distribution and evolution of enhanced Arctic C1O were consistent with chemical-transport model predictions. The maximum CIO abundances from MLS, however, are slightly larger than predicted from the models (Lefevre et al. 1994; Lutman et al. 1997) . A clear relationship was found between enhanced Arctic CIO observed by MLS and predicted polar stratospheric cloud formation along back trajectories associated with the enhanced CIO; sporadic large values of CIO seen by MLS outside the vortex were shown to be consistent with that expected to be caused by instrument noise (Schoeberl et al. 1993) . Differences between the Arctic and Antarctic winter vortex conditions deduced from MLS observations are described by Santcc et al. (1995) , and deduced from combined MLS, C[,AES (Cryogenic 4 Limb Array EtaIon Spectrometer) and I [ALOE (Halogen Occultation Experiment) data by Douglass et al. (1995) . One difference between the Arctic and Antarctic is the decreased amount of HN03 in the Antarctic winter vortex relative to the Arctic, as shown in Figure 9 . HN0 3 provides a source of NOX which quenches reactive chlorine and the depletion of }1N03 over Antarctica leads to extended depletion of 0 3 there. The smaller Antarctic abundances of HN0 3 can be traced to the lower temperatures and their longer duration in the Antarctic where polar stratospheric cloud particles containing HN0 3 can sediment out of the stratosphere. A major question for future Arctic ozone loss is the extent to which the decrease in Arctic lower stratospheric ( temperatures, possibly expected from increasing greenhouse gases, will lead to more Arctic ozone loss (due to strong non-linear temperature-dependence of the responsible mechanisms) even though stratospheric chlorine abundances should slowly start decreasing with the cease in industrial production of source gases. Analyses of MLS HN0 3 observations through several Antarctic winters (Santee et al. 1997b ) have provided implications for processes related to formation of polar stratospheric clouds; and indicate that ternary solutions (Tabazadeh et al. 1994 ) play an important role. Analyses by Massie et al. (1997) of MLS, CLAES and ISAMS measurements over Scandinavia during [9] [10] January 1991 imply initial PSC growth processes which transform sulfate droplets into ternary droplets or nitric acid dihydrate particles.
Definitive loss of Arctic ozone due to chemistry associated with the enhanced CIO was determined from analyses of combined MLS and UARS CLAES data by Manney et al. (1994) . Bell et al. (1994) found the expected anticorrelation between enhanced Arctic CIO measured by MLS and HCI measured from the ground.
Additional confirmation of the paradigm of chemical processing by polar stratospheric clouds leading to activation of stratospheric chlorine is shown in the analyses of northern hemisphere CLAES, MLS and HALOE data by Geller et al. (1995) , and in southern hemisphere MLS and CLAES data by Ricaud et al. (1995) . Mackenzie et al. (1996) of Arctic C1O and 0 3 for the six northern winters observed to date are described in the collective papers of Manney et al. (1994; 1995a,b; 1996a,b; , Santce et al. (1995 Santce et al. ( , 1996b Santce et al. ( , 1997b and Waters et al. ( 1993a,b; . The largest vortex-averaged abundances of CIO in the Arctic and the largest Arctic ozone loss observed to date by MLS occurred in the -96 winter (Manney et al. 1996b Santee et al. 1996b Santee et al. , 1997a .
Filling, or near-filling, of the Arctic lower stratospheric winter vortex with enhanced CIO abundances has been seen in each northern winter of MLS observations; and Figure 10 shows measurements in the 1996 and 1997 winters. Low ozone "pockets" in the middle stratospheric winter anticyclone have also been observed in MLS data and analyzed by Manney et al. ( 1995c) , who show these cannot be explained solely by transport.
c. UARS AILS results related to high latitude atniospheric dynamics
MLS observations have been used in several studies to provide information on vortex and high-latitude dynamics, 
d. UARS A4LS results related to global distributions and variations of atmospheric parameters
An overview of zonal mean 03 results from the first two and one-half years of MLS operation is given by ; in addition to features observed in stratospheric 03, this work includes initial results of examining residual differences between the stratospheric 0 3 column from MLS and the total 0 3 column from TOMS, with infortnation on tropospheric ozone as the ultimate goal. Analyses by Ziemke et al, (1996) using these data sets have shown zonal asymmetries in southern hemisphere column ozone that have implications of biomass burning. Elson et al. (1994) describe large-scale variations observed in MLS 0 3 , and Elson et al. (1996) show zonal and large-scale variations in MLS HZO. Pumphrey andHarwood(1997) analyze MLS radiance data to obtain information on variations of H 2 0 and 0 3 throughout the mesosphere, and
show that H 2 0 in the mesosphere is transported mainly by advection; future processing of MLS data will use non-linear retrieval algorithms for H 2 0 which should improve the standard MLS H 2 0 product in the mesosphere and elsewhere (Pumphrey 1997). Randel et al. (1995) include MLS and HALOE data in analyzing changes in stratospheric ozone following the Pinatubo eruption. Dessler et al. (1995) found that incorporation of0 3 measured by MLS into chemical relationships improved comparison between predicted correlations of HCI and C10N0 2 and those measured by [[ALOE and CLAES. Chandra et al. (1996) use MLS data in examining ozone variability in the upper stratosphere during the declining phase of solar cycle 22.
The zonal mean latitudinal distribution of CIO observed by ML,S in the upper stratosphere (Figure 12 ; see also Waters et al, 1996, and Jackman et al. 1996) shows a minimum at low latitudes as expected (Solomon and Garcia, 1984) from increased quenching by larger amounts of upper stratospheric CH 4 at low latitudes which is due to rising motion in the tropics transporting CHQ from lower altitudes. As shown in Figure 12 , the upper stratospheric CIO minimum moves northward in northern summer qualitatively tracking the seasonal variation in CH 4 (Kumer et al. 1993 ) which follows the rising motion in the tropics. Explanation of the -0.1 ppbv difference in upper stratospheric CIO for the two periods shown here is under investigation. Eckman et al. '(1995) found that quantitative agreement of theoretical model predictions with MLS upper stratospheric C1O measurements is substantially improved by including 5°/0 branching of the reaction OI1+CIO to HC1+02, consistent with a conclusion on this reaction reached earlier by Toumi and Bekki (1993) in regards to matching the Submillimeter Limb Sounder (S1.S) measurements of upper stratospheric CIO and HCl (Stachnik et al. 1992) . Dessler et al. (1996a) used MLS CIO measurements, along with CLAES CION02 and HALOE N0 2 , to test predictions of chlorine partitioning between CIO and CION02. Dessler et al. (1996b) also used MLS CiO, and HALOE and CLAES N0 2 , to examine implications for the model "ozone deficit" in the upper stratosphere.
An increasing trend in upper stratospheric CIO, expected from increasing abundances of stratospheric chlorine, and a decreasing trend in lower stratospheric C1O, expected from changes in heterogeneous chemistry during the fallout of Pinatubo aerosols, has been detected in MLS data (L. Froidevaux, manuscript in preparation), with some results shown in Figure 13 . Two-day waves in the stratosphere have been analyzed by Lirnpasuvan and Leovy (1 995) using MLS HZO data, and by Wu et al. (1996) using MLS temperatures. Four-day waves observed in h4LS ozone, temperature and geopotential height have been analyzed by Allen et al. (1997) . MLS data have been used in calculations of stratospheric residual circulation by Rosenlof (1 995) and Eluszkiewicz et al. (1996) . Synopic-scale features have been observed in MLS upper tropospheric H 2 0; one observed over the east coast of the US during March 1993 has been compared with independent results from the Goddard Space Flight Center data assimilation model, and good qualitative agreement obtained . Stone et al. (1996) used MLS upper tropospheric H 2 0 measurements to investigate the structure and evolution of eastward-traveling medium-scale wave features in the southern hemisphere summertime; they found results consistent with paradigms for the structure and evolution of baroclinic disturbances.
e. UARS A4LS resu!ts related to the tropics
Kelvin waves observed in MIA tropical data have been analyzed by Canziani et al. (1994 Canziani et al. ( , 1995 and Stone et al. (1995) , and MLS observations of the semiannual oscillation have been analyzed by Ray et al. (1994) . Randel et al. (1993) describe CLAIM and MLS observations of stratospheric transport from the tropics to middle latitudes by planetary wave mixing. Carr et al. ( 1995) performed initial analyses of MLS tropical stratospheric }1 2 0 data, and Mote et al. ( 1995) found variations in these data that could be related to the annual 7 1 cycle in tropical tropopause temperatures. More extensive analyses by Mote et al. (1996) , aided by the use of UARS Halogen Occultation Experiment (HALOE) H 2 0 and CH4, confirmed that tropical air entering the stratosphere from below is marked by its tropopause water vapor mixing ratio and retains a distinct memory of tropical tropopause conditions for 18 months or more; this analysis implies that vertical mixing is weak and that subtropical stratospheric "transport barriers" are effective at inhibiting transport into the tropics. Schoeberl et al. (1997) also use MLS and other UARS data to estimate the dynamical isolation of the tropical lower stratosphere. Preliminary MLS upper tropospheric HZO is reasonably consistent with NASA ER-2 ' aircrafi measurements (Newell et al. 1996a) , and with the expected tropical Walker circulation (Newell et al. 1996b ). Newell et al. (1997) found variations in MLS tropical upper tropospheric HZO over the [1991] [1992] [1993] [1994] period to be closely related to sea surface temperature variations in the eastern tropical Pacific, at both seasonal and interannual time scales. Figure 15 gives preliminary results which show largest ice abundances associated with regions of greatest convection in the tropics, as expected. Because its observation wavelengths are much larger than the cirrus particles, the MLS signal from cirrus is dependent to first order upon the total ice content and is relatively insensitive to the cirrus particle size distribution. MLS measurements can be thus be reported as ice content, which cannot be done directly for infrared and visible measurements where cirrus observations are typically reported as extinction coefficients at the observation wavelengths.
$ UARS M1.S results for atmospheric grmity waves
Analyses of the 63 GHz radiances from MLS have produced the first global maps of atmospheric temperature variances at -100 km horizontal scales associated with gravity wave activity in the stratosphere and mesosphere (Wu and Waters 1996a,b; . These data provide information on gravity waves with spatial scales of-30-100 km in the horizontal and -10 km in the vertical. The mapped variances show high correlation with regions of strong background winds that are expected to play a major role in determining gravity wave amplitudes in the stratosphere and mesosphere. The observed variance grows exponentially with height in the stratosphere, and saturates in the mesosphere as expected from wave breaking and dissipation at the higher altitudes. The data also show correlation with surface topography features and regions of tropospheric convective activity, which are expected sources of gravity waves. Analysis by Alexander (1997) indicates that the MLS maps are consistent with model predictions of atmospheric gravity wave behavior but that the dominant patterns in the maps can be explained by the Doppler-shifting effects of background winds on the gravity wave spectrum, without requiring any geographical variation in the sources. The extent to which MLS can provide information on atmospheric gravity wave sources is a current topic of investigation.
g. UARS MLS results for S0 2 injected into the stratosphere by volcanoes
Starting within 10 days of launch, and continuing for approximately 2 months, MLS observed the 3-dimensional distribution and decay of residual SOZ injected into the tropical stratosphere by the Mt. Pinatubo eruption that occurred about 3 months before launch of UARS. These observations showed the Pinatubo S0 2 mixing ratio maximum to occur around 26 km altitude with abundances of-15 ppbv on 21 I September 1991. The observed SOZ decay has e-folding times of 29 days at 26 km and41 daysat21 km, consistent with expectations that the primary destruction of S0 2 is due to reaction with OH leading to formation of stratospheric sulfate aerosols. Projected backward to time of eruption, the total amount of S0 2 injected by Pinatubo is estimated from MLS data to be 17 Mtons, consistent with estimates inferred from other measurements. S0 2 injected into the stratosphere by the South American Lascar volcano was also detected by MLS on 21 and 22 April 1993 (unpublished results).
The Earth Observing System (EOS) MLS
a. Some general information on EOS MIS
EOS MLS will be improved over UARS MLS in providing(1) additional stratospheric measurements for chemical composition and long-lived dynamical tracers, (2) more upper tropospheric measurements, (3) better global coverage, and (4) better precision and spatial resolution. These improvements are possible because of (1) advances in microwave technology since UARS MLS, (2) a better understanding of the capabilities of the measurement technique as a result of the UARS experience, and (3) the EOS near-polar orbit which allows nearly pole-to-pole coverage on each orbit, whereas the UARS orbit (inclined 57 degrees to the equator) and its precession forces MLS to switch between northern and southern high latitude measurements on an approximate monthly basis and critical periods are often missed. EOS MIS observes in the orbital plane (looking forward) which provides latitude coverage between 82° S and 82° N on each orbit.
EOS MLS has radiometers which operate in spectral bands centered near 120, 190, 240, 640 and 2500 GHz.
All radiometers are planned to incorporate advanced technology including planar-technology mixers (Siegel et al. 1993) , and integrated circuit radiometers (Weinreb et al, 1997) at 120 GHz. Figure 16 shows a signal flow block diagram for EOS MLS, and Figure 17 shows the spectral bands it measures, Vertical resolution of the EOS MLS measurements is generally -2-3 km (about 2X better than UARS MLS), although this will vary depending upon signal-to-noise for the particular measurement, and there are trade-offs between vertical 9 resolution and precision. Each EOS MLS limb scan, uncler nominal operation, will be performed approximately every 1.5 degrees great circle along the orbital track (about 170 km distance and 25 s in time), which is -3x more dense than on UARS MLS. The nominal scan range will be from -2 km to -60 km above Earth's surface. However, the vertical scan is programmable and alternative scan patterns can be chosen to provide more intense measurements of certain altitude regions or to provide measurements at higher altitudes in the mesosphere and lower thermosphere. Figure 18 shows the suite of measurements planned from each of the EOS MLS radiometers.
b. EOS MLS measurements for stratospheric chemistry
EOS MLS will provide key measurements throughout the stratosphere to test our understanding of its them istry, and provide new insights and early detection of changes. The lower stratospheric measurements are particularly important since they will occur when (1) lower stratospheric ozone, especially in the Arctic, is vulnerable to increased depletion due to effects of small decreases in temperature and potential changes in other parameters such as an increase in H 2 0, (2) stratospheric chlorine loading is at or near its maximum, and (3) some recovery of ozone at low altitudes in the Antarctic ozone hole might be detectable in the later portion of the mission (Hofmann )996) to verify that CFC regulations are having the expected effect.
The simultaneous and commonly-calibrated MLS measurements of CIO, HN0 3 , H 2 0, HCI, N 2 0, 0 3 and temperature provide a powerful suite to improve understanding of key processes which "could lead to massive ozone loss in the Arctic and provide diagnostics of the loss. C1O abundances allow estimates of the amount of ozone loss due to chlorine chemistry. Abundances of IIN03 and H 2 0, and temperature, critically affect the microphysics leading to formation of surfaces upon which heterogeneous chemistry can occur and convert chlorine from reservoir to reactive forms. Abundances of HN0 3 also affect the rate at which reactive chlorine is converted back to reservoir forms. Measurements of N 2 0, a long-lived tracer, help separate chemical and dynamical causes of observed changes. Measurements of OH, H0 2 , BrO, and HOCl, along with those mentioned above, will improve our understanding of tropical and mid-latitude stratospheric ozone changes.
The suite of measurements includes key species in the HOX and CIOX cycles now thought to dominate tropical and mid-latitude lower stratospheric ozone loss. The ability of MLS to observe through dense aerosol will be critical for monitoring stratospheric chemistry after any volcanic eruptions which cause large increases in stratospheric aerosol loading.
The EOS MLS measurements of stratospheric 011 will fill a serious gap in global observations to date because, as stated in the report of a Workshop on Atmospheric Trace Gas Measurements for the Year 2000 and Beyond published in the January/February 1995 issue of the 130S publication The Ear[h Observer, (1) OH controls the conversion of CH 4 to H 2 0, (2) reactions oft 10X radicals are the most important loss mechanisms for ozone in both the lowest and highest regions of the stratosphere, (3) reactions with011 control the rate of oxidation of sulfur gases (S0 2 , OCS) to sulfate aerosol, and (4) 01 I is in competition with heterogeneous chemistry in controlling the transfers between radical species in both the NOY and Cl, systems. 'OH may be a well-behaved constituent under a wide range of circumstances, as must be assumed in models in absence of measurements to the contrary, but it is essential that this assumption be tested.'
The good simultaneous measurements of H 2 0, cirrus ice content, temperature, 0 3 , CO, and N 2 0 in the region of the tropopause should improve our understanding of exchange processes between the stratosphere and troposphere. The MLS measurements are especially important in the tropics where they can be made in the presence of dense cirrus which can degrade techniques operating at ultraviolet, visible and infrared wavelengths.
c. EOS MLS measurements for upper tropospheric chemistẼ
OS measurements in the upper troposphere include HZO, 0 3 , CO, N 2 0, HCI, ice content of dense cirrus, temperature and pressure. The simultaneous measurement of 0 3 and CO, which serves as a tracer of air mass origin and motion, should provide new information on the global distribution, variation and sources of 0 3 in the upper troposphere. Some of the larger variations expected in upper tropospheric 0 3 and CO due to biomass burning (e.g., Thompson et al. 1996; Pickering et al. 1996) should be detectable in daily maps from EOS MLS but smaller variations will require maps built up from averages of observations over a longer period of time.
Improvements in the MLS ability to measure stratospheric ozone column will lead to improved determinations of tropospheric ozone obtained from residuals between total column ozone measured by other sensors and the stratospheric column from EOS Ml .S.
Pronounced minima in upper tropospheric 0 3 in the presence of ice clouds have been detected by ground-based Iidar (Reichardt et al. 1996) . These low values of ozone can possibly be explained by heterogeneous chemistry on cirrus cloud particles activating chlorine (Reichardt et al. 1996 , Borrmann et al. 1996 Solomon et al. 1997) .
EOS MLS will help understand such phenomena on a global scale since it concurrently measures 0 3 and cirrus ice, as well as CO which can likely help identify regions of convective uplift where low 0 3 might be due to dynamics and N 2 0 and HCl which can help identify air of stratospheric origin and provide estimates of the amount of inorganic chlorine available for activation by heterogeneous chemistry. Cunnold et al., 1996a) . Points A are the average differences of SAGE II measurements selected in low aerosol situations, covering 25 N to 55 N latitudes, and made between September 1991 and December 1993. Points T are average differences of 295 Table Mountain (34 N) and (when they exist) 188 K. These are not necessarily the earliest day each year Antarctic CIO was enhanced, just the earliest at which it was observed by MLS. Only in 1993 did MLS observations occur through the period of initial enhancement of Antarctic CIO; due to the UARS yaw state, or to operational constraints, observations in other years did not cover the period of transition to enhanced C1O. Slight differences from the 2 June 1992 CiO map in Figure 6 are because MLS Version 3 data are used in Figure 6 whereas Version 4 data are used here. [ 100.
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